Antibodies binding to a large subset of T-cell differentiation antigens, including CD2, CD4, CD5, CD6, CD7, C)8, Tp44, and CDw18, cause an increase in the cytoplasmic calcium concentration ([Ca2+k) after the antigens are crosslinked on the cell surface. Similar crosslinkinginduced signals were seen for a subset of mouse thymocyte differentiation antigens. The various antigens on human T cells differed in the extent ofcrosslinking required for generating the calcium signal, as evidenced by comparisons with monoclonal versus polyclonal second-step antibody. The [Ca2i] increase that occurs after crosslinking represents mobilization of cytoplasmic calcium since the initial component of the signal is resistant to depletion of extracellular calcium by chelation with EGTA. The [Ca2+] increase is completely inhibited by pretreatment of cells with pertussis toxin, indicating that a substrate for pertussis toxin regulates the signal transduction.
Calcium plays an important role in regulating the responses of excitable cells, and levels of free calcium in the cytoplasm are tightly controlled by calcium membrane channels, calcium pumps, and release or uptake of calcium from membrane surfaces (for reviews, see refs. 1-3). Many hormones and neurotransmitters exert their effects in part by raising the calcium concentration in the cytoplasm ([Ca2+]j), thus activating calcium-dependent enzymes that direct the cellular response (1) (2) (3) .
Calcium responses in human T lymphocytes have been reported after antibody or antigen binding to the CD3/T-cell receptor complex (4) (5) (6) (7) (8) and after antibody binding to the CD2 erythrocyte rosette receptor (9, 10) . The "antigen-specific" CD3/T-cell receptor and the "alternative pathway" CD2 systems lead to activation of T cells through the interleukin 2 (IL-2) autocrine system (11) (12) (13) . Here we examine the relation of surface antigen crosslinking to calcium regulation for these and other antigens on T cells. Crosslinking surface antigens such as CD2, CD3, CD4, CD5, CD6, CD7, CD8, and Tp44 causes an increase in [Ca2+] i. In the case of CD2 and Tp44, the calcium response after antigen crosslinking is accompanied by expression of functional IL-2 receptors.
MATERIALS AND METHODS
Monoclonal Antibodies and Reagents. Monoclonal antibodies against human antigens 9.6 (anti-CD2), 10 .2 (anti-CD5), 10 ,ug/ml) added at time -30 sec. (B) Antibody G17-2 (anti-CD4, 10 ,ug/ml) added at -30 sec. (C) Antibody G3-7 (anti-CD7, 10 Agu/ml) added at -30 sec. (D) Addition of the second step alone at 5 min. Calibration of the violet/blue ratio, as described (20) , shows that ratios of 1, 2, 3, and 4 correspond to [Ca2+], of 131 nM, 338 nM, 679 nM, and 1346 nM, respectively. G3-7 (anti-CD7), G1-14 (anti-T200), G1-15 (anti-p220), G17-2 (anti-CD4), G3-5 (anti-CD6), 64.1, 38.1, and G19-4 (anti-CD3), G10-1 (anti-CD8), 60.3 (anti-CDwl8), and 9.3 (antiTp44) have been described and assigned to the indicated cluster groups by the First and Second International Workshops on Leukocyte Differentiation Antigens (14, 15) . Monoclonal rat antibodies to murine antigens anti-Thy-1.2 (30-H12) , anti-LgplOO, Ly9 (30-C7), anti-Lyt-2 (53-6), antiLyl (53-7), anti-ThB (53-9), and anti-L3T4 (GK1.5) have been described (16, 17) .
Monoclonal rat anti-mouse K chain 187.1 (18) 
RESULTS
Crosslinking of surface antigens is thought to play a role in signal transduction through the membrane. Because cytoplasmic calcium is a central regulator of cellular responses, we measured the effects of antigen crosslinking on levels of cytoplasmic free calcium using the dye indo-1 and a flow cytometer. This dye, which is preloaded into the cells, exhibits a shift in the emission spectrum from blue to violet upon the binding of Ca2+. Fig. 1 shows the effects on [Ca2+], after crosslinking of CD5, CD4, and CD7 antigens compared to the second-step polyclonal antibody alone (Fig. 1D) . The antibodies were added just before time 0 on the display, whereas the crosslinking antibody (see arrow) was added in excess 5 min later. Crosslinking of these antigens caused cytoplasmic calcium to quickly increase, as evidenced by the increase in the violet/blue ratio. The kinetics ofthe responses to crosslinking of these antigens are similar to that previously shown in response to antibodies CD3 and CD2. Table 1 demonstrates that crosslinking of a variety of other antigens, either with polyclonal or monoclonal second-step reagents Responses of peripheral blood T cells (prepared as described in the legend to Fig. 1 ) to crosslinking ofTp44 using antibody 9.3 (10 jug/ml) (20) so that the response of this subpopulation could be more easily visualized. pertussis toxin to alter the [Ca2+]i response. Pertussis toxin ribosylates and thereby inactivates Gi and other guanine nucleotide-binding proteins (G proteins) that regulate signal transduction systems (22) (23) (24) (25) (26) (27) (28) (29) . Fig. 2 shows that the Tp44 crosslinking signal (Fig. 2C ) and CD8 crosslinking signal (Fig.  2F) are completely eliminated by a 1-hr pretreatment of the cells with 10 ,ug of pertussis toxin per ml at 37°C. Thus, a G protein that is inactivated by pertussis toxin regulates the signal transduction system stimulated by surface antigen crosslinking. The data also suggest that the release ofinternal Ca2+ is a prerequisite for the entry of external Ca2", since pertussis toxin inhibits the Ca2+ response completely, whereas EGTA inhibits only a component of that response. This is consistent with a recent model for cellular calcium entry proposed by Putney (30 Fig. 3 by comparing the use of either a polyclonal goat anti-mouse Ig second step (Fig. 3A) or a monoclonal rat anti-mouse K chain second step (Fig. 3B ). For CD2, the polyclonal second step was required to obtain a response in all CD2+ cells. Similarly, Table 1 demonstrates that for antigens such as CD4, CD6, CD7, the common leukocyte antigen T200, and CDw18, the polyclonal second step generated a greater increase in [Ca2+]i among a larger fraction of cells than did the monoclonal second step. In the case of CDw18, the latter reagent produced no visible effect at all. Only the CD5 antigen, which is highly mobile on the cell surface, showed a larger increase in [Ca2+]i after crosslinking with the monoclonal second step compared to the polyclonal second step (Table 1) . The magnitude of the [Ca2 ]i response induced by crosslinking ofantibodies T200, p220, and CDw18 was much smaller than that of the other antibodies tested. Several of the antigens recognized by these antibodies are known to be relatively rigidly bound in the cell's membrane (31) . Results of crosslinking antigens on murine thymocytes are also shown in Table 1 Fig. 1 ). Anti-CD2 antibody 9.6 (10 ,ug/ml) was added at time -30 sec in A and B. The second-step antibody (25 ul (Fig. 4) even though they were each used at a saturating concentration that generated the maximal [Ca2+], signal. The 64.1 antibody was least effective, whereas the 38.1 and G19-4 antibodies were more effective, although the G19-4 induced a [Ca2+], signal that was more sustained. After crosslinking, however, each of the antibodies generated a second increase in [Ca2+] ,, and the responses induced by crosslinking were almost equal in the percentage of responding cells (Fig. 4B) . Thus, the 64.1 and 38.1 anti-CD3 antibodies were very different in direct stimulation of [Ca2+]i but were almost identical in the [Ca2+]i response after crosslinking (Fig. 4A ).
The differences between these three anti-CD3 antibodies in their ability to directly cause increases in [Ca2+], may be due to differences in affinity or differences in the epitopes recognized. Thus, the [Ca2+]i signals delivered through CD3 by antibody binding before or after crosslinking may not involve the identical signaling system. This is supported by previous reports that monovalent Fab fragments of anti-CD3 (27, 28) and Go that couples signal transduction through brain cholinergic receptors (29) . It has been reported that a G protein inactivated by ribosylation with cholera toxin regulates inositol trisphosphate formation in a T-leukemia cell line (35 (31) . Calcium has been proposed as the transmembrane signal generated by crosslinking for redistribution and polymerization of cytoskeletal proteins (for review, see ref. 31 ). This concept is supported by the recent evidence that diacylglycerol, which is also produced during hydrolysis of phosphatidylinositol 4,5-bisphosphate to form inositol trisphosphate, is required for association of a-actinin with model membranes and forms part of a-actinin/actin complexes in the cytoskeleton of activated platelets (41) . Furthermore, the unpolymerized form of actin interacts with phosphatidylinositol 4,5-bisphosphate, suggesting a relationship between microfilament formation and phosphatidylinositol metabolism after receptor-ligand crosslinking (42) . Thus, it is possible that the [Ca2+]I increase after crosslinking certain T-cell antigens is associated with cytoskeletal responses.
